Pandit MM, Strait KA, Matsuda T, Kohan DE. Na delivery and ENaC mediate flow regulation of collecting duct endothelin-1 production.
COLLECTING DUCT (CD)-derived endothelin-1 (ET-1) is an important regulator of arterial pressure and urinary Na excretion. The CD is the predominant nephron site of ET-1 production and receptor expression (14) . ET-1 binding to the CD results in reduction of epithelial Na channel (ENaC) activity through inhibition of channel open probability and apical membrane abundance (4, 27) , as well as decreased Na-K-ATPase activity (34) . CD-specific deficiency of ET-1 causes marked saltsensitive hypertension and impaired renal Na excretion (1) . Hence, CD-derived ET-1, under normal physiologic conditions, exerts a natriuretic and hypotensive effect.
High-Na intake enhances urinary ET-1 excretion (5, 6, 11, 19, 23) and CD ET-1 production (17) , indicating that the CD ET-1 system perceives alterations in extracellular fluid volume (ECFV). However, the mechanism by which Na loading regulates CD ET-1 production is poorly understood. Circulating hormones that are modified by ECFV status do not explain Na loading-induced increases in CD ET-1 (8, 14) . Na loading can increase medullary osmolarity leading to increased thick ascending limb ET-1 synthesis (9); however, the effect of tonicity on CD ET-1 production is controversial-interstitial hypertonicity may even reduce CD ET-1 synthesis (13) . Our group recently showed that increasing fluid flow augments CD ET-1 production (17); since Na loading increases tubule fluid flow, this suggests a mechanism by which ECFV status regulates CD ET-1 production.
The mechanisms by which tubule flow increases CD ET-1 production are only beginning to be understood. Flow-induced increases in CD ET-1 synthesis are dependent on Ca 2ϩ , protein kinase C, and phospholipase C (17) . However, the mechanism by which increases in tubule fluid flow result in activation of these intracellular signaling systems is unknown. While flow may cause mechanotransduced signals, an intriguing possibility is that Na delivery per se may activate signaling systems within the CD that lead to enhanced ET-1 production. Consequently, the current study was undertaken to investigate the relationship between Na delivery and CD ET-1 production, as well as to determine mechanisms by which Na delivery might regulate CD ET-1 production.
MATERIALS AND METHODS
Materials. SEA0400 was synthesized by Taisho Pharmaceutical (Saitama, Japan). KB-R7943 and CGP 37157 were obtained from Tocris Bioscience (Ellisville, MO). DMEM and F-12 were obtained from Invitrogen Life Technologies (Grand Island, NY). All other drugs and chemicals were obtained from Sigma (St. Louis, MO) unless stated otherwise.
Cell culture. The mouse cortical CD cell line mpkCCDc14 was generously provided by Prof. Alain Vandewalle at Institut National de la Santé et de la Recherche Médicale, France. Cells were grown to confluence on 10-cm 2 plastic culture plates at 37°C in a 5% CO2 incubator. 50:50 DMEM/F-12 supplemented with 2 g/ml dexamethasone, insulin, transferrin, selenium, 400 nM triiodothyronine, 1 g/ml epidermal growth factor, 2 mM glutamine, 1 mg/ml penicillin, 1 mg/ml streptomycin, and 2% fetal bovine serum was used as a growth medium. In some cases, cells were grown under identical conditions in 24-well plates.
Flow studies. Confluent cultures of mpkCCDc14 cells were rinsed with Hanks' balanced salt solution (HBSS) and flow chambers were attached to the plates. Rectangular parallel plate polycarbonate flow chambers [cat. no. 31-010, Glycotech, Gaithersburg, MD (shown at: www.glycotech.com/apparatus/parallel.html)] were sealed using vacuum and silastic gaskets onto individual culture plates to form a channel. The channel depth was 0.25 mm having a width of 1 cm and a length of 5.9 cm. Thus, the surface area of cells exposed to flow was 5.9 cm 2 . The flow chamber has two openings through which medium enters and exits the channel. The medium is recirculated through the channel by a peristaltic pump (Ismatec, Glattbrug, Switzerland) at a shear stress of 2 dyn/cm 2 for 2 h. The perfusing medium used was HBSS (pH 7.4) for control experiments and supplemented with drugs and/or chemicals for other experiments. After flow, RNA was isolated from the cells within the perfusion chamber. RNA from cells exposed to flow was compared with RNA from control cells studied on the same day. Culture dishes with the control cells were placed into the flow chambers and exposed to the same perfusate solution as in the cells undergoing flow, with the exception that the perfusate was static (no flow). All experiments were performed at 37°C. Control cell RNA was isolated from cells within the area of the perfusion chamber.
ET-1 mRNA. RNA was extracted from cells using RNeasy Mini Kit, reverse transcribed using Omniscript RT Kit (Qiagen, Valencia, CA), and cDNA levels were determined for ET-1 and GAPDH using real-time PCR (StepOne Plus, Applied Biosystems, Foster City, CA). PCR was performed according to instructions provided by the manufacturer using Taqman Gene Expression Assay (Applied Biosystems) with ET-1 (cat. no. Mm00438656_m1) and GAPDH (cat. no. Mm03302249_m1) primers.
Statistics. Data are represented as means Ϯ SE. Differences between groups were determined using two-way ANOVA. Bonferroni post hoc tests were used to compare individual means. P Ͻ 0.05 was taken as significant.
RESULTS

Effect of increased Na concentration on flow-stimulated ET-1 mRNA.
To determine the effect of increased Na delivery on CD ET-1 production, mpkCCDc14 cells were exposed to flow and static conditions for 2 h at 2 dyn/cm 2 ( Fig. 1) . Flow with 300 mosmol/l NaCl increased ET-1 mRNA content by 67% over that seen with cells exposed to 300 mosmol/l NaCl under static (no flow) conditions. Perfusing with 450 mosmol/l NaCl increased ET-1 mRNA by 184% compared with static conditions; this was a significantly greater ET-1 flow response than seen with 300 mosmol/l NaCl. To determine the effect of increasing osmolarity per se, cells were perfused with 450-mosmol/l solution containing 300 mosmol/l NaCl and 150 mosmol/l mannitol; this yielded the same degree of increased ET-1 mRNA levels as seen with 300 mosmol/l NaCl, i.e., no augmentation of the flow response was observed by increasing perfusate osmolarity with mannitol. Increasing perfusate osmolarity to 450 mosmol/l using Na acetate (150 mosmol/l Na acetate plus 300 mosmol/l NaCl) increased ET-1 mRNA by 205%, i.e., similar to that seen with 450 mosmol/l NaCl and greater than that with 300 mosmol/l NaCl. Finally, increasing perfusate osmolarity to 450 mosmol/l using choline chloride (150 mosmol/l choline chloride plus 300 mosmol/l NaCl) increased ET-1 mRNA by 70%, similar to that seen with 300 mosmol/l NaCl, but not as great as observed with increasing osmolarity with NaCl or Na acetate. Hence, increasing perfusate Na concentration, but not perfusate osmolarity or chloride concentration, increased the ET-1 mRNA response to flow.
Effect of reduced Na concentration on flow-stimulated ET-1 production. To determine the effect of reducing Na delivery on the ET-1 flow response (Fig. 2 ), cells were exposed to flow conditions with 150 mosmol/l NaCl. Perfusate osmolarity was maintained at 300 mosmol/l by using either 150 mosmol/l urea, mannitol, or choline chloride. The ET-1 flow response was decreased by 60, 47, and 54% when using choline chloride, urea, or mannitol, respectively. Thus, reducing perfusate NaCl concentration decreased flow-stimulated ET-1 mRNA content.
Role of ENaC in flow-stimulated ET-1 mRNA. The above studies indicated that Na delivery is directly correlated with ET-1 mRNA accumulation. Since ENaC is the major channel through which Na enters CD cells, we evaluated the role of ENaC in the ET-1 response to flow (Fig. 3) . When cells were treated with 1 M amiloride, there was a complete loss of flow-stimulated ET-1 mRNA production. Similarly, 0.2 M benzamil abolished the ET-1 flow response. To further explore a potential role of ENaC, cells were treated with 1 M aldosterone [which has been shown to upregulate ENaC in mpkCCD cells (10) ] for 48 h (Fig. 4) . Aldosterone treatment markedly enhanced the ET-1 mRNA response to flow (190% increase in ET-1 mRNA compared with no flow). This increase was substantially greater than flow-stimulated ET-1 mRNA accumulation in cells not treated with aldosterone (67% increase in ET-1 mRNA compared with no flow). Addition of 1 Fig. 1 . Effect of increased media osmolarity, Na, or chloride concentration on flow-stimulated endothelin (ET)-1 mRNA content in mpkCCDc14 cells. Each data point represents the comparison of ET-1 mRNA in cells exposed to flow vs. cells not undergoing flow, with both flowed and stationary cells exposed to identical media osmolarity and electrolyte concentrations; n ϭ 12 each data point. *P Ͻ 0.05 vs. cells not exposed to flow. **P Ͻ 0.05 vs. cells exposed to 300 mosmol/l NaCl.
M amiloride for 30 min before flow experiments prevented the stimulatory effect of aldosterone on the ET-1 flow response. Taken together, these experiments indicate that ENaC is necessary for flow-induced ET-1 mRNA accumulation.
Role of Na/Ca 2ϩ exchange in flow-stimulated ET-1 mRNA. Since Na delivery and ENaC-mediated Na entry into cells are necessary for flow-stimulated ET-1 mRNA production, and since Ca 2ϩ is required for CD ET-1 gene transcription (30), a potential relationship between Na and Ca 2ϩ was investigated. The most apparent mechanism for such a relationship is the Na/Ca 2ϩ exchanger (NCX) family. Since an increase in intracellular Na concentration ([Na] i ) can potentially increase intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) through activation of plasma membrane NCX activity, the effect of inhibiting plasma membrane NCX was investigated. Treatment of cells with either 3 M SEA0400, a highly selective inhibitor of plasma membrane NCX (20) , as well as 10 M KB-R7943, another plasma membrane NCX inhibitor, resulted in a flowstimulated increase in the ET-1 mRNA content of 210 and 249%, respectively (Fig. 5) . Thus, plasma membrane NCX does not appear to be involved in the ET-1 flow response. In contrast, treatment with CGP37157, the only known mitochondrial NCX inhibitor, completely prevented the ET-1 flow response (Fig. 6 ). While CGP37157 is specific for the mitochondrial NCX (as opposed to plasma membrane NCX isoforms), one report suggested that it may also inhibit L-type Ca 2ϩ channels (31) . To determine whether this mechanism was involved in the CGP37157 effect, cells were treated with 100 M nifedipine. Nifedipine did not alter the ET-1 flow response (Fig. 6) , indicating that the CGP37157 effect was not due to inhibition of L-type Ca 2ϩ channels. Effect of treatments under no-flow conditions. To determine whether the reagents or different media used in this study affected ET-1 mRNA levels in mpkCCD cells under no-flow conditions, cells were grown in 24-well dishes and the effect of changing media solute content or addition of various reagents was assessed (all experiments were done in HBSS for 2 h). None of the reagents (NCX or ENaC inhibitors) altered ET-1 mRNA content. Increasing osmolarity to 450 mosmol/l, regardless of the solute utilized, decreased ET-1 mRNA content by 51 Ϯ 6% (n ϭ 42) compared with cells exposed to 300 mosmol/l NaCl. Decreasing media NaCl concentration to 75 mM, while maintaining osmolarity at 300 mosmol/l, also decreased ET-1 mRNA content by 48 Ϯ 9% (n ϭ 27) compared with cells exposed to 300 mosmol/l NaCl, regardless of the solute used to maintain media osmolarity at 300 mosmol/l. Thus, the Na-and ENaC-dependent ET-1 flow response was not mimicked in cells under no-flow conditions. Finally, ET-1 mRNA content was similar between cells grown in 24-well plates and exposed to HBSS for 2 h compared with cells grown on 10-cm dishes, covered with perfusion chambers, and maintained under no-flow conditions for 2 h, indicating that the perfusion chamber conditions per se did not alter ET-1 mRNA levels.
DISCUSSION
Our previous study (17) demonstrated that flow increases CD ET-1 production; the goal of the current study was to explore mechanisms responsible for this effect. In the current study, we report that 1) Na delivery increases ET-1 mRNA accumulation in CD cells, 2) ENaC is necessary for flowstimulated ET-1 mRNA augmentation, and 3) mitochondrial NCX is necessary for flow-stimulated CD ET-1 mRNA accumulation. Thus, while flow or shear stress per se may exert effects on CD ET-1 production, our findings indicate that the magnitude of Na delivery is an important factor in determining CD ET-1 production. This observation is consistent with the known stimulatory effect of a high-Na intake on CD ET-1 production in vivo (17) . Since CD-derived ET-1 exerts an autocrine inhibitory effect on Na reabsorption (1), the above findings provide a rational system whereby increased Na intake leads to increased CD Na delivery, increased CD ET-1 production, ET-1 inhibition of Na transport, and ultimately enhanced natriuresis.
Our findings indicate that ENaC is necessary for flowstimulated ET-1 production as evidenced by inhibition of the flow response by amiloride or benzamil. To our knowledge, this constitutes the first report of ENaC-mediated regulation of an autocrine or paracrine factor. It is likely that ENaC-mediated increases in [Na] i are involved in flow-stimulated ET-1 production. Relatively little is known about [Na] i regulation of intracellular signaling processes in the CD. Increases in [Na] i may alter ENaC activity through modulation of G proteins (15) . In addition, increased [Na] i leads to augmented Na-KATPase activity through modulation of salt-inducible kinase-1 (SIK-1) (29) . Activation of SIK-1 is thought to be due to elevations in [Na] i driving increases in [Ca 2ϩ ] i , which in turn activate calmodulin leading to activation of SIK-1 (29) . This latter effect is relevant to possible mechanisms involved in ET-1 production; CD ET-1 synthesis is critically dependent on ] i involves NCX. Three plasma membrane isoforms of NCX have been described that can transport Ca 2ϩ into cells in response to increases in [Na] i (18, 25) . However, we found that pharmacologic blockade of all isoforms of plasma membrane NCX with either SEA0400 or KB-R7943, inhibitors of plasma membrane NCX (3, 16, 20) , did not affect the ET-1 flow response. In addition to plasma membrane NCX, another NCX isoform, NCLX, is expressed exclusively in mitochondria and extrudes Ca 2ϩ from mitochondria in response to increases in [Na] i (26) . Blockade of NCLX with CGP37157 (26) One might argue that Na delivery-induced increases in ET-1 would ultimately lead to ET-1 inhibition of ENaC and reduction of the signal driving ET-1 production. While this might indeed be the case, it should be noted that it takes at least an hour of increased flow to increase ET-1 mRNA in the CD and that ET-1 has prolonged effects once bound to its receptors (17) . Thus, while ET-1 may ultimately reduce the signal driving its own production, it would still have several hours to exert its effects. It is perhaps not surprising that such a negative feedback system exists-one would not want the drive for ET-1 synthesis to continue for too long given that the peptide exerts such sustained effects.
This study did not examine how Ca 2ϩ increases CD ET-1 production; however, our group has studied this previously. As mentioned earlier, flow-induced increases in CD ET-1 synthesis depend on Ca 2ϩ (17) . The Ca 2ϩ effect is due, at least in part, to calmodulin (CaM) and CaM kinase (30) . Blockade of CaM decreased ET-1 production by rat inner medullary CD cells; this effect was associated with unchanged ET-1 mRNA stability, but decreased activity of a transfected ET-1 promoter- Fig. 6 . Effect of mitochondrial Na calcium exchanger inhibition on flowstimulated ET-1 mRNA content in mpkCCDc14 cells under static (no flow) and flow conditions. Cells were pretreated for 30 min with 1.2 M CGP37157 (n ϭ 12). Cells were pretreated with 100 M nifedipine (n ϭ 6) to control for an effect on L-type dihydropyridine Ca 2ϩ channels. Each data point represents the comparison of ET-1 mRNA in cells exposed to flow vs. cells not undergoing flow, with both flowed and stationary cells exposed to identical media and reagents. All studies were done in HBSS (300 mosmol/l). *P Ͻ 0.05 vs. cells not exposed to flow.
reporter construct. Notably, CaM inhibition did not affect ET-1 release or transfected ET-1 promoter-reporter activity in rat aortic endothelial cells, indicating that the Ca 2ϩ dependency of ET-1 gene transcription is at least relatively unique to CD cells. Na delivery and ENaC are necessary for the flow response, but are not in of themselves sufficient to account completely for flow-stimulated ET-1 production. The finding that increasing or decreasing media Na concentration in cells under noflow conditions reduced ET-1 mRNA content suggests that an additional sensor mechanism is necessary to confer the ET-1 flow response to extracellular Na. In addition, ENaC inhibition in cells under no-flow conditions did not change ET-1 mRNA levels, again indicating that ENaC is necessary but not sufficient to account for the ET-1 flow response. Other flow sensors exist in the apical membrane of the CD. Transient receptor potential (TRP) channels are expressed in the CD [including TRPV5 as well as TRPC1, 3, and 6 (7, 12)], can sense flow, and can function as Na as well as Ca 2ϩ channels (33) . In addition, P2X receptors are located in the CD, can sense flow, and can function as Na channels (24, 32) . Finally, cilia in CD, which are well-recognized flow sensors through activation of polycystins leading to augmented [Ca 2ϩ ] i (28) , could be involved in the ET-1 flow response. Clearly, additional studies are needed to evaluate the role of these systems in mediating the ET-1 response to flow.
It should be noted that ET-1 mRNA, but not ET-1 protein, was measured in the current study. As previously reported (17), ET-1 protein, either released into the perfusate or within cells, was undetectable by RIA or ELISA. Since ET-1 release parallels ET-1 mRNA levels in almost every condition under which this has been measured (14, 30) , ET-1 mRNA was taken as an accurate index of ET-1 production. In addition, ET-1 mRNA is very short-lived (ϳ15 min) due to the presence of destabilizing AUUUA sequences in the 3-UTR of ET-1 mRNA; this is very characteristic of gene products that are primarily regulated at the transcriptional level (21, 22) .
In summary, our findings suggest a link between Na delivery, ENaC, mitochondrial NCLX activity, and ET-1 mRNA accumulation. This system provides, at least teleologically, a link between Na intake and urinary Na excretion. In essence, high-Na intake, leading to ECFV expansion and increased Na delivery to the CD, activates the above system to ultimately induce autocrine inhibition of Na reabsorption by the CD. Novel findings in the current study include ENaC-dependent regulation of a regulatory peptide as well as the dependency of ET-1 production upon mitochondrial NCLX activity. Further exploration of the pathways involved in flow stimulation of ET-1 production, as well as the potential roles of ENaC and mitochondrial NCLX in regulating CD function, is warranted.
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